We present details of the derivation of local chiral effective field theory interactions to next-tonext-to-leading order, and show results for nucleon-nucleon phase shifts and deuteron properties for these potentials. We then perform systematic auxiliary-field diffusion Monte Carlo calculations for neutron matter based on the developed local chiral potentials at different orders. This includes studies of the effects of the spectral-function regularization and of the local regulators. For all orders, we compare the quantum Monte Carlo results with perturbative many-body calculations and find excellent agreement for low cutoffs.
which in addition to a stochastic integration over the particle coordinates also performs explicit summations in spin-isospin space [18, 19] . As a result, the method is very accurate but computationally very costly and allows one to access only nuclei with A 12 [20, 21] . Larger particle numbers can be accessed with Auxiliary-Field Diffusion Monte Carlo (AFDMC), which in addition to the stochastic approach to the particle coordinates also stochastically evaluates the summations in spin-isospin space [22] , however at the cost of using simpler variational wave functions than those used in nuclear GFMC. A new Fock-space QMC method has recently been proposed in Ref. [23] , which was used for a soft nonlocal potential for pure neutron matter. In addition, an auxiliaryfield QMC study was recently carried out for a sharpcutoff chiral potential [24] .
In this paper, we provide details of the derivation of local chiral potentials to N 2 LO and present tables of lowenergy constants (LECs) thus fully specifying the potential for use by others. We also show results for phase shifts and deuteron properties. We then use the new local chiral potentials in AFDMC simulations of neutron matter, updating and augmenting our results of Ref. [15] , and compare these to many-body perturbation theory (MBPT) calculations.
II. LOCAL CHIRAL POTENTIALS
In chiral EFT, the different contributions to nuclear forces are arranged according to their importance by employing a power-counting scheme, see Refs. [1, 2] and references therein for more details. The NN potential is then given as a series of terms
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where the superscript denotes the power in the expansion parameter Q/Λ b with Q referring to the soft scale associated with typical momenta of the nucleons or the pion mass and Λ b ∼ M ρ the hard scale corresponding to momenta at which the chiral EFT expansion is expected to break down. We will take into account all terms up to N 2 LO in the chiral expansion. Generally, one has to distinguish between two different types of contributions: the long-and intermediate-range ones due to exchange of one or several pions and the contact interactions, which parametrize the short-range physics and are determined by a set of LECs fit to experimental data. On the other hand, the long-range contributions are completely determined by the chiral symmetry of QCD and low-energy experimental data for the pion-nucleon system.
The crucial feature that allows us to construct a local version of the chiral NN potential is the observation that the expressions for the pion exchanges up to N 2 LO only depend on the momentum transfer q = p − p with the incoming and outgoing relative momenta p = (p 1 −p 2 )/2 and p = (p 1 − p 2 )/2, respectively, provided the nucleon mass is counted according to Q/m N ∼ Q 2 /Λ 2 b as suggested in Ref. [25] . Here, the p i and p i correspond to incoming and outgoing momenta. This counting scheme has been used in the derivation of nuclear forces [3, [26] [27] [28] and electromagnetic currents [29, 30] and has as a consequence that the leading relativistic corrections to the one-pion-exchange (OPE) potential enter at N 3 LO. Given that the long-range potentials depend only on the momentum transfer, the corresponding coordinate-space potentials are local. Here and in what follows, we employ the decomposition for the long-and intermediate-range potentials as V long (r) = V C (r) + W C (r) τ 1 · τ 2 + V S (r) + W S (r) τ 1 · τ 2 σ 1 · σ 2
where r = r 1 − r 2 denotes the separation between the nucleons and S 12 = (3σ 1 ·r σ 2 ·r − σ 1 · σ 2 ) is the tensor operator. The expression for the OPE potential at LO takes the well-known form
where g A , F π , and M π denote the axial-vector coupling constant of the nucleon, the pion decay constant, and the pion mass, respectively. In addition to these long-range contributions, the OPE potential also involves a shortrange piece proportional to a δ function. We absorb this contribution into the leading contact interaction. At next-to-leading order (NLO), the strength of the OPE potential is slightly shifted due to the GoldbergerTreiman discrepancy (GTD) [31] :
where g πN is the pion-nucleon coupling constant andd 18 is a LEC from the third-order pion-nucleon effective Lagrangian, which is of the same order in the chiral expansion as V (2) N N . For the two-pion exchange (TPE) we use the spectralfunction-regularization (SFR) expressions as detailed in Ref. [32] . The coordinate-space expressions for the TPE potential can be most easily obtained utilizing the spectral-function representation with spectral functions ρ i and η i :
and similarly for W C , W S , and W T in terms of η C , η S , and η T (instead of ρ C , ρ S , and ρ T ).
In the framework of the SFR, the integrals in the spectral representation of the TPE potential go from 2M π to the ultraviolet cutoffΛ rather than to ∞ corresponding to the case of dimensional regularization. TakingΛ sufficiently large ensures that no unnaturally large shortrange terms are induced by the subleading TPE potential [32] .
The TPE spectral functions at NLO are given by [33] ρ (2)
where c i denote the LECs of the subleading pion-nucleon vertices [34] . For the subleading TPE potential, the integrals in Eqs. (6)- (8) can be carried out analytically leading to
r 6 c 4 24 + 24y + 12y 2 + 4y
r 6 c 4 48 + 48y + 24y
where we have introduced dimensionless variables x ≡ M π r and y ≡Λr. Analytic expressions for the TPE potentials for the case ofΛ = ∞ are given in Ref. [33] . We now turn to the short-range contact interactions, starting from the expressions in momentum space. The most general set of contact interactions at LO is given by momentum-independent terms 1 1, σ 1 · σ 2 , τ 1 · τ 2 , and σ 1 · σ 2 τ 1 · τ 2 , so that one has
As discussed below, out of these four terms only two are linearly independent. As nucleons are fermions, they obey the Pauli principle, and after antisymmetrization the potential V is given by:
with the exchange operator A defined as
where k = (p + p)/2 is the momentum transfer in the exchange channel. For the LO contact potential, we have
Obviously, there are only two independent couplings at leading order after antisymmetrization. Following Weinberg [25] , we take
but we could have chosen any two of the four contact interactions. This is analogous to Fierz ambiguities. At NLO, 14 different contact interactions are allowed by symmetries:
In analogy to the LO case, only seven couplings are independent and one has the freedom to choose an appropriate basis. The currently available versions of chiral potentials [3, 4] use the set which does not involve isospin operators. Because we want to construct a local chiral potential, we have to eliminate contact interactions that depend on the momentum transfer in the exchange channel k. Thus, we choose
which is local except for the k-dependent spin-orbit interaction (C 5 ). Without regulators, the expressions for the contact interactions in coordinate space are of the form
The derivation of these expressions is given in Appendix A.
In addition to the isospin-symmetric contributions to the potential given by Eqs. (3), (4), (6)- (8), (13)- (15), (23) , and (24), we take into account isospin-symmetrybreaking corrections [35] . We include long-range chargeindependence breaking (CIB) terms due to the pion mass splitting in the OPE potential,
where V OPE is given by
For the contact interactions, we include the leading momentum-independent CIB and charge-symmetrybreaking (CSB) terms, which in coordinate space have the form
These contact interactions are defined in such a way that they do not affect neutron-proton observables. Furthermore, the last factor, (1−σ 1 ·σ 2 )/4, is a projection operator on spin-0 states and ensures that spin-triplet partial waves are not affected by the above terms. This factor is redundant for non-regularized expressions. Note that the impact of the spin-0 projection on NN phase shifts is very small, typically between 1 − 2%. This is smaller than the deviation from the phase shifts of the Nijmegen partial wave analysis (PWA) and than the theoretical uncertainty of the results. Thus, in the following we will neglect the spin-0 projection factor. We are now in the position to specify the regularization scheme for the NN potential. Following Ref. [15] , this is achieved by multiplying the coordinate-space expressions for the long-range potential in Eqs. (3), (4), (6)- (8), and (13)- (15) with a regulator function
This ensures that short-distance parts of the long-range potentials at r smaller than R 0 are smoothly cut off. For the short-range terms in Eqs. (23), (24) , (27) , and (28) the regularization is achieved by employing a local regulator f local (q 2 ), leading to the replacement of the δ-function by a smeared one with the same exponential smearing factor as for the long-range regulator,
where the normalization constant,
ensures that
The Fourier transformations of the contact interactions taking into account the local regulator f local (q 2 ) are given in Appendix B. The choice of the coordinate-space cutoff R 0 is dictated by the following considerations. On the one hand, one would like to take R 0 as small as possible to ensure that one keeps most of the long-range physics associated with the pion-exchange potentials. On the other hand, it is shown in Ref. [36] that at least for the particular class of pion-exchange diagrams corresponding to the multiple-scattering series, the chiral expansion for the NN potential breaks down at distances of the order of r ∼ 0.8 fm but converges fast for r 1 fm. This suggests that a useful choice of the cutoff R 0 is R 0 ∼ 1 fm, which corresponds to momentum-space cutoffs of the order of ∼ 500 MeV. This follows from Fourier transforming the regulator function, integrating it from 0 to infinity, and comparing to a sharp cutoff. These values are similar to the ones adopted in the already existing, nonlocal implementations of the chiral potential [3, 4] , see also Ref. [37, 38] for a related discussion.
In view of the arguments provided in Refs. [39] [40] [41] , we will not use significantly lower values of R 0 1 in applications although we were able to obtain fits to NN phase shifts using R 0 = 0.9 fm. However, the LECs start to become unnatural for this cutoff. On the other hand, choosing considerably larger values of R 0 results in cutting off the long-range physics we want to preserve and, thus, introduces an unnecessary limitation in the breakdown momentum of the approach. Therefore, here and in the following, we will allow for a variation of the cutoff R 0 in the range of R 0 = 1.0 − 1.2 fm. Because the local regulator eliminates a considerable part of short-distance components of the TPE potential, we are much less sensitive to the choice of the SFR cutoffΛ as compared to Refs. [3, 43] and can safely increase it up toΛ = 1.4 GeV without producing spurious deeply bound states. In this work, we will varyΛ in the rangeΛ = 1.0 − 1.4 GeV.
In future work, we will explore removing the SFR cutof Λ → ∞.
We would like to underline that there is no conceptual difference between our local regularization and the nonlocal regularization currently used in widely employed versions of chiral interactions in momentum space. The local chiral potentials include the same physics as the momentum-space versions. This is especially clear when antisymmetrizing. The local regulator by construction preserves the long-range parts of the interaction. Note that antisymmetrization and local regularization do not commute, but the commutator is given by higher-order terms. At NLO and N 2 LO, the 2 + 7 contact interactions provide a most general representation consistent with all symmetries.
It remains to specify the values of the LECs and masses that enter the NN potentials at N 2 LO. In the following, we use m p = 938.272 MeV, m n = 939.565 MeV, the average pion mass M π = 138.03 MeV, the pion decay constant F π = 92.4 MeV, and the axial coupling g A = 1.267. For the pion-nucleon coupling, we adopt the value of g 2 πN /(4π) = 13.54 which is consistent with Ref. [44] , which also agrees with the recent determination in Ref. [45] based on the Goldberger-Miyazawa-Oehme sum rule and utilizing the most accurate available data on the pion-nucleon scattering lengths. In order to account for the GTD as described above, we use the value g A = 1.29 in the expressions for the OPE potential. For the LECs c i in the N 2 LO TPE potential, we use the same values as in Ref. [3] , namely c 1 = −0.81 GeV −1 , c 3 = −3.4 GeV −1 , and c 4 = 3.4 GeV −1 .
We emphasize that we use the same expression for the OPE potential that includes isospin-symmetry-breaking For all components, we observe a softening of the potential going from a cutoff R0 = 0.9 fm to R0 = 1.2 fm. We include the R0 = 0.9 fm potential for illustration, but as discussed in the text, will not use it in many-body calculations.
corrections and accounts for the GTD as well as the same isospin-symmetry-breaking contact interactions at all orders in the chiral expansion to allow for a more meaningful comparison between LO, NLO and N 2 LO.
With the NN potential specified as above, we have performed χ 2 -fits to neutron-proton phase shifts from the Nijmegen PWA [46] for R 0 = 0.9, 1.0, 1.1 and 1.2 fm and Λ = 0.8, 1.0, 1.2 and 1.4 GeV. We used the separation of spin-singlet and spin-triplet channels, and, at LO, fit the 1 S 0 and 3 S 1 partial waves separately while at NLO and N 2 LO we fit the
waves. At NLO and N 2 LO, we used the same energies of E lab = 1, 5, 10, 25, 50, 100 and 150 MeV for R 0 = 1.0 and R 0 = 1.1 fm as in the Nijmegen PWA and the errors in the phase shifts provided in Ref. [46] . For R 0 = 1.2 fm, the fits are performed up to E lab = 100 MeV. At LO, the fits are performed up to E lab = 50 MeV. Finally, the values of the LECs C CIB and C CSB are adjusted to reproduce the proton-proton 1 S 0 scattering length a pp = −7.81 fm and the recommended value of the neutron-neutron scattering length a nn = −18.9 fm. Note that we only take into account the point-like Coulomb force for the electromagnetic interaction as appropriate to N 2 LO, see Ref. [3] for more details. The resulting LECs for R 0 = 1.0, 1.1, 1.2 fm andΛ = 1000 MeV are shown in Table I and forΛ = 1400 MeV in Table II .
The fits are different from the fits used in Ref.
[15] because our previous fitting routine was incorrect in the tensor channel of the pion-exchange interactions. This error has only a small influence in pure neutron matter.
In Fig. 1 , we show the local chiral potentials V (r) at N 2 LO for a SFR cutoffΛ = 1000 MeV, decomposed into the central, central-isospin, spin, spin-isospin, spin-orbit, [46] . The bands are obtained as in Fig. 3 .
tensor, and tensor-isospin components
for cutoffs R 0 = 0.9 − 1.2 fm. We include the 0.9 fm potential for illustration, but we do not recommend it for many-body calculations and therefore do not include it in our own calculations or in the tables. For all components we see a softening of the potential going from R 0 = 0.9 fm to R 0 = 1.2 fm, as expected, because short-range parts of the potentials are strongly scheme dependent. The structures in the individual channels are due to adding up different contributions to those channels with different r-dependencies.
In addition, we show the local chiral potentials V (r) at N 2 LO for a SFR cutoffΛ = 1000 MeV in the 1 S 0 channel in Fig. 2 in the neutron-neutron system. Again, we observe a softening of the potential when increasing the coordinate space cutoff from R 0 = 0.9 fm to R 0 = 1.2 fm.
III. PHASE SHIFTS
Next, we present the neutron-proton phase shifts in partial waves up to J = 4 for the local chiral potentials at LO, NLO, and N 2 LO for laboratory energies up to 250 MeV in comparison with the Nijmegen PWA [46] . We vary the cutoff between R 0 = 1.0 − 1.2 fm and, at NLO and N 2 LO, the SFR cutoff betweenΛ = 1.0 − 1.4 GeV.
In Fig. 3 , we show the 1 S 0 phase shifts as well as the 3 S 1 − 3 D 1 coupled channel. The description of the 1 S 0 channel at LO is only good at very low energies and improves when going to NLO and the effective range physics is included. When going from NLO to N 2 LO, the cutoff bands overlap. In the 3 S 1 channel the situation is similar but the cutoff bands are narrower. In both S-wave channels the width of the bands at NLO and N 2 LO are of similar size. This is due to the truncation of the short-range contact interactions and the large c i couplings entering TABLE III. Deuteron properties for the local chiral potentials at LO, NLO, and N 2 LO. We tabulate the deuteron binding energy E d , the D-state probability PD, the magnetic moment µ d , the quadrupole moment Q d , the asymptotic D/S ratio η, the asymptotic S-wave factor As, and the rms radius r d . The ranges include a cutoff variation R0 = 1.0 − 1.2 fm and, at NLO and N 2 LO, a variation of the SFR cutoffΛ = 1.0 − 1. at N 2 LO, and is visible in all phase shifts. In the 3 D 1 channel the description worsens when going from LO to NLO and improves only slightly from NLO to N 2 LO. At N 2 LO the description of the 3 D 1 channel is poor for energies larger than 50 MeV. In addition, also the description of the J = 1 mixing angle is poor at all orders, a fact which is clearly reflected in the size of the cutoff bands.
In Fig. 4 we show the phase shifts for the P waves and the J = 2 coupled channel. In the 1 P 1 channel the LO band starts to deviate from the data already at low energies. Including additional spin-orbit and tensor contributions at NLO improves the description of the 1 P 1 channel only little. However, the situation highly improves when going to N 2 LO. In the 3 P waves the phase shifts improve considerably going from LO to higher orders and the description of the 3 P waves at N 2 LO is substantially better than in our previous fits [15] . Furthermore, the description of the J = 2 coupled channel is considerably better than for the J = 1 coupled channel and improves when going from LO to N 2 LO. In Fig. 5 we show the phase shifts for the remaining uncoupled partial waves up to J = 4. The description of the individual channels is good even at high energies except for the D waves. This can also be seen in Fig. 6 where we show the J = 3 and J = 4 coupled channels.
In general, the description of all D wave channels is poor up to N 2 LO and does not improve when going from NLO to N 2 LO. This is due to the truncation of the contact interactions at N 2 LO because in partial waves with orbital angular momentum l > 1 no contact interactions contribute at this order except for regulator effects. Thus, the D wave phase shifts are described almost solely by pion-exchange interactions and are parameter free. This can be improved by going to N 3 LO. The higher l > 2 partial waves instead are mostly described by longrange pion-exchange interactions and already the OPE interaction at LO describes the data well at low energies. Thus, the higher partial waves can be well described already at N 2 LO.
Comparing our phase shift results to the results obtained with the nonlocal N 2 LO momentum space potential of Ref. [3] , we find that the local potentials describe all partial waves up to J = 4 better except for the D waves. In addition, the cutoff variation is smaller for the local chiral potentials.
IV. DEUTERON
In this section, we calculate deuteron properties using the local chiral potentials presented in the previous sections at LO, NLO, and N 2 LO. We calculate the deuteron binding energy E d , the quadrupole moment Q d , the magnetic moment µ d , the asymptotic D/S ratio η, the rootmean-square (rms) radius r d , the asymptotic S-wave factor A s , and the D-state probability P D . We vary the cutoff R 0 = 1.0 − 1.2 fm and, at NLO and N 2 LO, the SFR cutoffΛ = 1.0 − 1.4 GeV. The deuteron properties are calculated as described in Ref. [3] . The results are shown in Table III and are compared with experimental results of Refs. [47] [48] [49] [50] [51] [52] and the N 2 LO EGM results of Ref. [3] , where the cutoff variation is Λ = 450 − 650 MeV andΛ = 500 − 700 MeV.
At N 2 LO we find a deuteron binding energy of −2.208 ± 0.010 MeV, which has to be compared with the experimental value of −2.225 MeV. Thus, the N 2 LO result deviates from the experimental result by less than 1%, which is better than 2.196 ± 0.007 for the nonlocal, momentum-space N 2 LO EGM potentials of Ref. [3] . However, for those potentials the range of the cutoff variation is different, which affects the results and theoretical error estimates.
The description of the deuteron quadrupole moment is surprisingly good for the local chiral potentials and the experimental result lies within the N 2 LO uncertainty band. Note that electromagnetic two-body currents are not included. The results for the N 2 LO momentum space potentials instead deviate by 4 − 5%. Also for the other observables the result of the local N 2 LO potentials deviates less than 1% from the experimental values.
V. QMC CALCULATIONS OF NEUTRON MATTER
Local chiral EFT interactions can be used in any modern many-body method. This includes Quantum Monte Carlo. The two main methods in the context of nuclear physics are GFMC, which is very accurate but also computationally costly, and AFDMC, which is computationally less costly at the price of less accuracy. Up to now, nuclear GFMC calculations have used phenomenological NN interactions as input, typically of the Argonne family [53, 54] . These potentials are accurate, but are not connected to an EFT of QCD and their two-pion exchange interaction is modeled rather phenomenologically, which makes it difficult to construct consistent 3N forces. Thus, it will be key to use the new local potentials in light nuclei GFMC calculations, work that is currently ongoing [55] .
In this paper, we use the new local chiral potentials in AFDMC calculations for pure neutron matter and expand on our first results of Ref. [15] . For technical reasons, in the past it has not been possible to extend AFDMC to realistic potentials when both neutrons and protons are involved. However, for pure neutron matter, either in the homogeneous case or in a confining potential, the situation is more straightforward and AFDMC compares favorably with the more accurate nuclear GFMC results [56, 57] . Neutron matter is useful as a test case in which different aspects of nuclear interactions can be probed, but is also directly relevant to the properties of neutron stars and as ab initio input to energy density functionals [57] [58] [59] [60] [61] [62] .
In Fig. 7 , we show AFDMC results for 66 neutrons for the local chiral potentials at LO, NLO, and N 2 LO, varying R 0 = 1.0 − 1.2 fm, corresponding to a cutoff range of ∼ 500 − 400 MeV in momentum space, and the SFR cutoffΛ = 1000 − 1400 MeV. At all these orders the R 0 = 1.1 fm results lie between the R 0 = 1.0 fm and R 0 = 1.2 fm ones. This can also be seen in more detail in Fig. 10 , where we show the AFDMC results individually for three different regulators R 0 = 1.0 fm, 1.1 fm, and 1.2 fm and a SFR cutoff ofΛ = 1000 MeV, along with the many-body perturbation theory results that will be discussed in the next section.
As shown in Ref. [15] , the LO results lead to a broad band, the lower part of which (R 0 = 1.2 fm) even changes slope as the density is increased. This reflects the fact that the LO potential does not describe the phase shifts at the relevant energies as there are only two LECs at this order. The NLO and N 2 LO results are generally similar in size, as observed in Ref. [15] , due to the large c i entering at N 2 LO and the same truncation of the contact interactions at both orders. The width of these bands is similar to that of the phase shifts discussed in Sect. III.
In Ref. [15] , we varied the cutoff from R 0 = 0.8 fm to R 0 = 1.2 fm. Since we have been unable to produce a precision potential with no deeply bound states for R 0 = 0. AFDMC results with those of Ref. [15] , because the latter had an error in the fitting routine for the tensor channel of the pion-exchange interactions, which however only has a small effect on pure neutron matter. The narrower range of cutoff variation in this work has made the bands somewhat smaller, at 0.15 fm −3 , the range is 8.1 MeV at LO, 2.1 MeV at NLO, and 2.1 MeV at N 2 LO. We have also tested the dependence of the AFDMC results on the Jastrow term in the variational wave function. Specifically, the trial wave function in AFDMC is written as:
For a nodeless Jastrow term, most QMC methods are independent of the choice one makes for f (r): the Jastrow function impacts the statistical error bar by accenting the "appropriate" regions of phase space, but not the value itself. However, due to the complicated spin-dependence of nuclear interactions, it has been found that AFDMC has a small dependence on the Jastrow function as reported in Ref. [15] . By comparing AFDMC results for 14 particles using the Argonne family of potentials with a GFMC calculation for the same potentials and neutron number (the largest neutron number for which GFMC results exist), we found that the Jastrow dependence disappears in AFDMC when using a softened Jastrow function. have carried out separate computations at the highest density considered here (n = 0.16 fm −3 ). We studied Jastrow terms from solving the Schrödinger equation for the Argonne v 8 potential, a typical QMC potential of reference, and from the consistent local chiral potentials. In addition, we have examined the effect of artificially softening the Jastrow term by multiplying the input potential (only when producing the Jastrow function) by a fixed coefficient, in order to see the effect of removing the Jastrow. The highest energies always result from using a largely unmodified Argonne v 8 potential, as this is the potential that is most different from the new chiral interactions. In the case of R 0 = 1.0 fm the different Jastrow terms lead to an energy per particle that varies by at most 0.1 MeV at 0.16 fm −3 , while for the R 0 = 1.2 fm potentials the variation is 0.15 MeV. Both these results are much smaller than the 0.6 MeV quoted in Ref. [15] for the R 0 = 0.8 fm potential. This is a reflection of the softer potentials in the present work.
Furthermore, we have probed in detail the finite-size effects for the local chiral potentials. As we are interested in describing the thermodynamic limit of neutron matter, it is important that we are using sufficiently many particles in our AFDMC simulations. In order to avoid issues related to preferred directions in momentumspace, we have performed calculations for closed shells: N = 14, 38, 54, 66, 114. We chose the SFR cutoff Fig. 8 . We observe that the two potentials exhibit essentially identical shell structure, as was to be expected because the ranges involved in the two potentials are basically the same. These results show a dependence on N that is very similar to that in Table III of Ref. [63] for the values of N used in that reference, namely 14, 38, and 66. The shell structure is very similar to that of the free Fermi gas in a periodic box, which we also show in Fig. 8 . From the free Fermi gas we expect that the thermodynamic limit value is below the N = 114 result and very close to the N = 66 value. This justifies our choice of using 66 particles to simulate the thermodynamic limit. The only qualitative difference between the free Fermi-gas shell structure and our AFDMC results appears at N = 14. For the free gas N = 14 leads to an energy that is higher than that at N = 66. This is due to the very small periodic box needed to produce the same density for N = 14. In that case the interaction length scales also start to be important. In contrast, for larger N , shell effects come almost completely from the kinetic energy behavior.
We have also explored the dependence of the results on different values of the SFR cutoff. As discussed, the effect of the SFR cutoffΛ is expected to be smaller than that of R 0 . We show the results of varying the SFR cutoff fromΛ = 1000 MeV toΛ = 1400 MeV for R 0 = 1.0 fm and R 0 = 1.2 fm in Fig. 9 . There is essentially no effect at low densities, while at higher densities the difference for R 0 = 1.0 fm never exceeds 0.1 MeV and for R 0 = 1.2 fm it is always less than 0.15 MeV. This shows that the SFR cutoff has a negligible impact on the many-body results.
VI. PERTURBATIVE CALCULATIONS OF NEUTRON MATTER
We have also performed neutron matter calculations using many-body perturbation theory (following Refs. [64] [65] [66] [67] ) for the same local chiral potentials and the same regulators as in the previous section. We show the results in Fig. 10 together with the AFDMC results at LO, NLO, and N 2 LO for the three different cutoffs R 0 = 1.0, 1.1, and 1.2 fm, and varying the SFR cutof Λ = 1000 − 1400 MeV.
At every order in the chiral expansion and for every cutoff we show the results at the Hartree-Fock level as a dashed line, including second-order contributions as a shaded band, and including also third-order particleparticle and hole-hole corrections as solid bands. The bands are obtained by employing a free or Hartree-Fock single-particle spectrum and by varying the SFR cutoff as stated above. Again, we observe that the R 0 = 1.1 fm results at all three chiral orders lie between the R 0 = 1.0 fm and R 0 = 1.2 fm ones.
At LO, the local chiral potentials in general follow the trend of the AFDMC results for all three cutoffs. The width of the individual bands is very small and the energy changes from first to second and from second to third order are small. As discussed in Ref. [67] , this energy difference, combined with the weak dependence on the different single-particle spectra, is a measure of the perturbative convergence for the individual potentials. All potentials at this chiral order seem to be perturbative. We find a good agreement between the AFDMC and the MBPT results, especially at lower densities, although at higher densities the trend is that the second-order results are better than third-order.
At NLO, we find the R 0 = 1.0 fm potential to have the slowest, if any, perturbative convergence. The secondorder band is very broad and the third-order contributions are large: at saturation density they are 6−10 MeV. Going to higher coordinate-space cutoffs, which means lower momentum cutoffs, we find that the potential becomes more perturbative. At R 0 = 1.2 fm both the second-and third-order bands are narrow and the thirdorder contributions are ≈ 1.5 MeV.
At N 2 LO the results are very similar to NLO. We find that the R 0 = 1.0 fm potential shows the slowest perturbative convergence, with an energy difference from second to third order of about 3 MeV at saturation density. However, the perturbativeness for this cutoff at N 2 LO is better than at NLO. Going to higher coordinatespace cutoffs again improves the perturbativeness and for R 0 = 1.2 fm the energy difference is ≈ 1.0 MeV at this density. This behavior is similar to the nonlocal potentials used in Ref. [67] where it was shown that soft (low momentum cutoff) potentials have a better convergence.
For the perturbative R 0 = 1.2 fm potentials, the agreement between the third-order perturbative results and the AFDMC results is excellent. For R 0 = 1.2 fm, at N 2 LO, the perturbative results lie almost on top of the AFDMC values. The difference between the third-order result with Hartree-Fock single-particle spectrum and the AFDMC results is 0.2 MeV at 0.16 fm −3 forΛ = 1400 MeV and only 20 keV forΛ = 1000 MeV. In comparison, at NLO the difference is 0.2 MeV at 0.16 fm −3 for Λ = 1400 MeV and 0.1 MeV forΛ = 1000 MeV, while at LO it is 1.6 MeV. These results constitute a direct validation of MBPT for neutron matter based on low momentum potentials, in this case R 0 = 1.1 fm and R 0 = 1.2 fm, which was the main finding in our initial QMC study with chiral EFT interactions [15] .
VII. SUMMARY AND OUTLOOK
We have presented details of the derivation of local chiral EFT potentials at LO, NLO, and N 2 LO. We performed fits of the LECs to low-energy NN phase shifts, which are well reproduced in most cases, and agree better than for the momentum-space potentials with the Nijmegen PWA. Furthermore, the calculated deuteron properties at N 2 LO show very good agreement with experimental data.
We have applied the new local chiral potentials to neutron matter using AFDMC and MBPT. In particular, we have investigated the sensitivity of the results to the local regulator and to the SFR cutoff, to the influence of the Jastrow term, and also to finite size effects in AFDMC.
The excellent agreement of the results for the softer R 0 = 1.1 fm and R 0 = 1.2 fm potentials within the two many-body frameworks represents a direct validation of MBPT for neutron matter and will enable novel manybody calculations of nuclei and matter within QMC based on chiral EFT interactions. For the MBPT results, we show the Hartree-Fock energies as well as the energy at second order and including third-order particleparticle and hole-hole corrections. The width of the bands includes a variation of the single-particle spectrum from a free to a Hartree-Fock spectrum. In addition, for both the MBPT and AFDMC results we also vary the SFR cutoffΛ = 1000−1400 MeV. For the LO 1.1 fm results, the lower band corresponds to the second-order results.
For the partial-wave-decomposed matrix elements we find 
Here we used partial integration and the antisymmetry of αβγ in line 5 and 6, respectively, and L = −ir × ∇ in the last line.
The Fourier transformation of the tensorial contact operators is given by − σ 1 · σ 2 ∂ r δ R0 (r) r .
